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(1) INTRODUCTION Electrochemically generated methyl-viologen cation radical (MV'+) is known to react rapidly with several oxidizing agents of biological interest. The reaction rate between MV'+ and horse-heart ferricytochrome c is reported to be in the range 0.5-1 X 10() M~l s-1 when determined spectroelectrochemically [1] [2] [3] and to be in the range 108-109 M~l s-1 when determined by pulse radiolysis [4, 5] . In a recent spectroelectrochemical work, Mackey and Kuwana [6] report a rate constant greater or equal to 2.0 X 108 M-1 s"1 for this reaction between MV,+ and ferricytochrome c and a rate constant greater than 4 X 107 M~l s~1 for the reaction between MV'+ and fully oxidized cytochrome c oxidase. MV'+ reacts also very rapidly with molecular oxygen; according to Leest [7] , the stoechiometry is and oxygen, the use of ring-disc electrodes and viologen cation radicals V'+ (methyl-and benzyl-viologens; MV*' and BV*+) may be a convenient method for the titration of these molecules. The radical V'+ is generated on the disc by reduction of MV'2+ or BV2+ contained in the solution:
(disc) V2+ + e~V'+ If the solution is free from chemical which can react with V*+ during its tran¬ sit from disc to ring, the observed ring current IR is proportional to the moni¬ tored disc current ID. If chemicals such as those listed above are present, V*+ reacts before reaching the ring. The shape of the IR versus ID titration curves, then, may give two kinds of information: the concentration level of the com¬ pound reacting with V"+ and the rate of the reaction involved in the titration.
When used as analytical tool, these electrodes enable the detection of con¬ centrations as low as 0.1 fiM (titration by nascent bromine of phenol- [9] and sulfur-containing compounds [10] ) and when used for kinetic studies they allow the determination of first order rate constants up to 105 s_1 and sec¬ ond order rate constants up to 109 M"1 s-1 [9] [10] [11] . Compared We used the Tacussel bipotentiostat (BIPAD) and potential monitors (Servovit 9 B and GSTP 2) to obtain linear sweeps of the disc potential or of the disc current (the ring being set at a constant potential) or linear sweeps of the ring potential (the disc potential or the disc current being constant). The disc, or the ring potential is measured with respect to an Ag/AgCl, saturated KC1 In contrast to the V2+/V,+ system, the second reduction step of V2+, i.e. y+ -> V°, is not electrochemically reversible. Figure 3 shows the modifica¬ tion of the curves presented in Fig. 2 Fig. 4 there is a fast reaction between MV'+ and dis¬ solved oxygen: indeed MV'+ generated on the disc may in some conditions be undetectable on the ring because of its reaction with oxygen present in the solution. In a deoxygenated MV2+ solution, we observe the usual forma-% tion of MV'+ on the disc (curve ID) and its detection on the ring (1R). In an air-saturated solution where MV2+ is absent, oxygen is reduced on the disc at about -0.2 V/NHE (curve 2D) but no H202 is detected on the ring if its potential is set at +0.2 V/NHE (2R). Now, if both components are present, i.e. 0.29 mM 02 and 1 mill MV2+, the voltammetric curve on the disc (curve 3D) is exactly the sum of the two former, whereas the ring current remains zero (3R). Thus, if the disc potential is monitored at a value lower than -0.4 V, MV'+ generated on the disc cannot reach the ring and give an anodic cur¬ rent for it is entirely reoxidized by the dissolved oxygen. In terms of disc current, neither low |/D | which corresponds to the reduction of oxygen, nor high \ID \ which corresponds to the generation of MV,+ consummed by oxy- (Fig. 5) . Thus, it is necessary to check the occurrence of a fast reaction between oxygen and V'+ on /D versus ED and IR versus ED curves (Fig. 4) ; such a test being achieved, it is noteworthy that IR versus curves are indifferent to the possibility of electrochemical reduction of oxygen on the disc: as soon as a sufficient flux of V'+ is generated on the disc, oxygen concentration is zero on the disc electrode and everything proceeds as if oxygen was not electroactive [11] .
In another group of experiments we have increased the V2+ concentration to 10 mM and regulated the partial pressure of oxygen above the solution. The IR versus /D titration curves (Fig. 5) (1) 0, (2) 0.20, (3) 0.35, (4) 0.46, (5) 0.72, (6) 1.0, (7) (Fig. 4 , curve 2D) equals 120 fiA, whereas ID Q on IR versus ID curves equals about 250 juA (Fig. 5, interpolation between curves 2 and 3) . Thus, the signal to be measured is increased 2 times by using ring-disc electrode titrations of oxygen by V*\ Cytochrome c. As with oxygen, we have confirmed the occurrence of a fast reaction between V,+ and horse-heart ferricytochrome c, showing that, in the presence of this compound, MV'+ or BV'+ can be chemically reoxydized dur¬ ing their transit from disc to ring. Figure 6 , obtained with different cyto¬ chrome c concentrations may be compared to Fig. 4 related to the reaction between oxygen and MV'+. As curves 2R and 3R of Fig. 6 differ from the ED axis, it is clear that with 22 and 45 i±M cytochrome c solutions the fluxes of MV,+ generated on the disc are too large for MV'+ to be completely oxidized into MV2+ before reaching the ring; it is nevertheless possible to obtain a zero ring current and IR versus ED curves identical to curve 3R of Fig. 4 [6] , the titration with ring-disc electrodes is much more sensitive and accurate. Such titration curves are shown in Fig. 7 (Fig. 7, curve 1) in absence of cytochrome c -the calibration line (Fig. 7, curves 2, 3 or 4 
where D is the diffusion coefficient of V'+ (1.3 X 10_o cm2 s_1) for MV2 + [6] , v the viscosity of the solution (v -10-2 cm2 s_1), co [16] .
The second aim of this work concerning kinetic measurements was only partially reached. It has not been possible to obtain an estimate of the reaction rate between oxygen and V'+ but we have determined the rate of the reaction between horse-heart ferricytochrome c and electrogenerated methylviologen cation radical assumed to be second order: (6.2 ± 2) X 105 M~1 s-1. This re¬ sult is in good agreement with the results of Kuwana [1, 2] and Wilson [3] i.e. 5-10 X 105 M~1 s-1, but disagrees with the most recent value reported by Kuwana [6] , i.e. more than 2 X 108 M-1 s-1. It seems quite reliable since this ring-disc determination is very simple and does not need, unlike the spectroelectrochemical method, digital simulation of the absorbance-time profiles, deconvolution of the overlapping spectra of ferrocytochrome c and MV'+, and signal averaging because of the small optical absorbance change at short times. The use of stationary conditions is obviously the main advantage of the use of a ring-disc electrode compared to the optical transparent electrode; both electrodes allow the generation of reactive species (either reductants or oxy¬ dants) and the study of how they react with compounds present in the bulk of the solution; they may be applied as a kinetic tool for the study of elec¬ tron transfer between chemicals.
